In the paper, a low friction pneumatic cylinder and a sliding table, and both of them are embedded with aerostatic bearings are designed. A low friction pneumatic table is constructed by combining the pneumatic cylinder and the sliding table. The characteristics for the friction force versus velocity of the pneumatic cylinder and the pneumatic table are measured. Moreover, a hybrid self-tuning fuzzy sliding mode controller with dead zone and load compensation is designed to precisely control the position of the pneumatic table. The experimental results have shown that the pneumatic table has positioning accuracy of 20 nm, the resolution of the pulse scale.
INTRODUCTION
The development of the modern industry such as the semiconductor, communication and bio-medicine technology leads to the extensive study on the ultra-precision measurement and positioning technology of nanometer classes. Low friction elements and suitable control strategies are needed to be designed and developed to lower the friction force and thus to obtain better positioning accuracy. Compared to the hydraulic and electric driving system, the pneumatic driving system has the following advantages: low cost, clean, and easy in power transfer; therefore it can be applied in many industries. However, because of the compressibility and leakage of the air, the friction force, and the load disturbance, the pneumatic system is time variant and highly nonlinear [1] [2] . Moreover, the difficulty of the cylinder position control is mainly caused by the friction force between the cylinder and the piston as well as the stick slip effect phenomenon during the motion control of the pneumatic cylinder [3] [4] .
Recently, various nonlinearity compensation strategies such as dithering compensation and friction force compensation have been analyzed and designed according to the nonlinear characteristics of pneumatic components to overcome the nonlinear effects and thus to get a higher positioning accuracy. In the articles [5] [6] [7] , the effective friction compensation methods are introduced and combined with the designed control approaches. Besides, the low friction force actuator is developed to reduce the system friction force. The friction force can be further reduced through the installation of the aerostatic bearings in the pneumatic cylinder. Because there are thus no seals in this pneumatic actuator, the actuator becomes a low friction actuator. The compressed air flows to the small gap between the bearing and the sliding guide, and the cylinder can thus float around the air film and on the guide surface of the table. Due to the air film between the bearing and the sliding guide, the relative motion is almost free of friction. Moreover, because the air is used as the medium, it can be applied at very high or very low temperature environment. In the paper, the pneumatic cylinder and the sliding table embedded with aerostatic bearing are designed. Besides, a hybrid nonlinear self-tuning fuzzy sliding mode controller with deadzone and load compensation is designed for the system. The experimental results show that the nanometer accuracy control is successfully completed. .
DESIGN OF A PNEUMATIC CYLINDER EMBEDDED WITH AEROSTATIC BEARINGS AND FRICTION MEASUREMENT ILLUSTRATIONS
The scheme of the designed pneumatic cylinder embedded with aerostatic bearings is shown in Figure 1 . The air gap is found between the cylinder block and the piston, as well as between the piston rod and the rightand left-end covers of the cylinder. If the compressed air is supplied, the pneumatic piston rod and the piston tend to float in the air. The friction force becomes very small because there is not any contact between the cylinder and the piston rod. Figure 2 shows the scheme of the measurement for the friction force of the pneumatic cylinder embedded with the aerostatic bearing. The compressed air flows through the pipes and the servo valve, and then flows into the pneumatic cylinder to drive the table, which is supported and guided by eight pieces of round aerostatic bearing pads. Moreover, a hydraulic cylinder is connected to this pneumatic cylinder to stabilize the motion of the pneumatic cylinder. The pulse scale is used to measure the position and the velocity by differentiating the position signals. The load cell is connected to the two pneumatic cylinders to indicate the friction force of the cylinder during motion. Figure 3 shows the experimental results of the relationship of the friction force versus the moving velocity of the cylinder. The friction force is found to be a function of the compressed air pressure. One can see that the static friction force at pressure 2, 3 and 4 bar are found to be 0.5 N, 1.0 N and 1.2 N, respectively. Generally, the friction forces of the aerostatic bearing cylinders are very small, and the difference between the static and dynamic friction forces is also very small. In this figure, the differences between the static and dynamic friction forces are in the range between 0.3N and 0.5 N. 
CONSTRUCTION OF A LOW FRICTION PNEUMATIC SERVO TABLE EMBEDDED WITH AEROSTATIC BEARINGS PADS AND FRICTION MEASUREMENT
A low friction table driven by the pneumatic cylinder embedded with the aerostatic bearing is constructed. The maximum static friction force is about 3.144 N and the smallest dynamic friction force is 2.019 N. When the velocity of the cylinder is larger than 1.4 mm/sec, it is found that the friction force keeps almost the same. The viscous friction force tends to be constant even when the velocity is further increased to be 5 mm/sec.
PRECISE POSITION CONTROL OF THE PNEUMATIC TABLE EMBEDDED WITH AEROSTATIC BEARINGS
The scheme of the position control system of the low friction pneumatic driven servo table is shown in Figure  7 . The actuator is the low friction pneumatic servo cylinder, and the table is guided by the round aerostatic bearings. The position is measured by a pulse scale with a resolution of 20 nm. Considering the nonlinear characteristic of the air flow through the servo valve and the compressibility of air, one knows that the system highly nonlinear and time variant. It is a great challenge for many researchers who have designed various nonlinear compensators to raise the accuracy of position control. In the paper, a self-tuning fuzzy sliding mode nonlinear controller compensated with the dead zone of valve and the variable load has been designed and implemented in the system to control the position of the table. The block diagram of the system is shown in Figure 8 . In the paper, a hybrid controller consisting of a hyperbolic tangent function and a self-tuning fuzzy sliding mode controller is designed to control the pneumatic 
where u k is the proportional gain and ø is the value of boundary layer. The proportional gain u k is set to decide the response speed of the system at the start of control process. Increasing u k , the transient response can be accelerated but the undesired overshoot will also happen. Because of the above reason, the value of boundary layer ø is designed to execute the deceleration task for the control system when the system is near the boundary point E1 so that the control system can smoothly go into the region of fine tuning and can avoid the appearance of overshoot. As |e(k)|< E1, the switching logic is to shift the control algorithm and the self-tuning fuzzy sliding mode controller (SFSMC) is designed to execute the fine positioning control. The designed controller (SFSMC) includes the algorithm of the time variant gain factor ( (k)) and the tuning of the scaling factors.
The fuzzy control theory was combined with the sliding mode control theory in the study to control the servo pneumatic system. The structure of the fuzzy control includes four parts: fuzzification inference, knowledge base, decision logic and defuzzification. In the article, Mamdani control rules and maximum-minimum algorithm are applied, and the "center of the gravity" method is used to defuzzify and to get the accurate control signal. For sliding mode control, the sliding surface S and the change of sliding surface dS are defined as
),
where e(k) is the error, de(k) is the change of error and is the slop of sliding surface S. 
where Ge and Gv are the scaling factors of sliding surface and the change of sliding surface. The control output signal
where ) (k U and ) (k Gu denote the controller output and the output scaling factor of the controller at time instant kT. In this paper, the triangular membership function is applied to define the fuzzy sets of the inputs and the output, Figure 9 illustrated. Three linguistic fuzzy sets are applied for the input and output variables. The control rules are illustrated in Table 1 . The "max-min" and "center of gravity" methods are adopted for fuzzy inference logic and defuzzification algorithm. 
For the conventional fuzzy inference, its control parameters such as rules table, scaling factors and membership functions are usually obtained by trial-and-error method. The method is time-consuming and difficult to obtain the optimum parameters. Moreover, the conventional controller has not the adaptive resource to supervise and modify its control parameters to reject the disturbance. Therefore, in this paper the output scaling factor Gu(k) of fuzzy sliding mode controller is tuned on-line by a real-time gain updating factor (k) to raise the positioning precision and robustness of the control system. The new scaling factors are modified by
where (k) is the real-time gain factor. The value of real-time gain factor (k) is computed on-line using a model independent fuzzy rule-base defined by error and change of error of the controlled variable. The most important point to note is that real-time gain factor is not dependent in any way on any process parameter. The value of real-time gain factor depends only on the input variable of controller at the sampling instant. The membership functions for input variables e(k) and de(k) and output variable (k) are shown in Figure 10 . The membership function for (k) is also a triangular type and the rule-base in Table 2 is used for the computation of (k).
When a loading is applied on the pneumatic control system, the control characteristic will be varied due to the variation of operating pressure, and caused a obvious effect on the positioning precision. Therefore the load compensator, which is similar to the dither signal, is designed according to the error (e(k)) and the velocity (V(k)) to overcome the variation in this paper. The algorithm of load compensator is expressed by the following equations: 
where is the maximum peak value of variable amplitude B(k). When the loading effect causes the control system to lie at the stop state and the error is bigger than the desired steady state error(E 2 ), the compensation signal is triggered and thus set to be the maximum value to ensure that the system never stops. As the control system is driven again from the stop state, the amplitude of load compensation signal is appropriately attenuated with the change of velocity to prevent the overshoot or oscillation phenomenon. Finally, the deadzone compensation can be designed to avoid the deadzone. The algorithm of control voltage with deadzone compensation can be expressed by the following equation: 
EXPERIMANTAL RESULTS OF NANOMETER POSITIONING
The above-described controller design is implemented in the microcomputer to control the position of the pneumatic servo table. The air supply pressure is set to be 5 bar, the sampling time and the reference input are chosen to be 20 ms and 10 mm. The experimental results are shown in Figure 11 . The position error is within the range of the resolution 20 nm of the pulse scale from the time instant 1.5 sec. In the fine feed experiment, the feed resolution is noticed through the various step feeds. From Figure 12 one can see that the low friction pneumatic servo table can be controlled to move step by step for 20 nm and the position error is about 20 nm. Although the positioning accuracy less than 20nm is not possible in these positioning experiments owing to the restriction of the resolution of the pulse scale, it can be predicted that this positioning method has the ability of 20nm or even less feed resolution. 
CONCLUSIONS
In the paper, we have fitted the pneumatic cylinder and the low friction driven table with aerostatic bearings, and have designed appropriate devices to measure their corresponding small friction forces. Moreover, this work has designed and implemented a hybrid self-tuning fuzzy sliding mode controller with the dead zone and load compensator for the precision control of the pneumatic table. The experimental results have shown that the pneumatic servo table can be controlled to the nanometer accuracy of 20 nm both with 10 mm step input and 20 nm stepwise input successfully.
